














学校编码：10384                        分类号_______密级 ______ 
学号：21620101152382                UDC _______ 
 
 
硕  士  学  位  论  文 
Hsp90 小分子抑制剂 B3 的发现及与
Hsp90 相互作用的初步研究 
Discovery of Hsp90 small molecule inhibitors and explore the 
interaction between Hsp90 and B3 
马  顺 
指导教师姓名： 张  连  茹  教授 
专 业 名 称： 微 生 物 学 
论文提交日期： 2 0 1 3 年 5 月 
论文答辩日期： 2 0 1 3 年 6 月 
学位授予日期： 2 0 1 3 年    月 
 
 
答辩委员会主席：           
评    阅    人：           
 






















另外，该学位论文为（                            ）课题
（组）的研究成果，获得（               ）课题（组）经费或实




































（     ）1.经厦门大学保密委员会审查核定的保密学位论文，
于   年  月  日解密，解密后适用上述授权。 







                             声明人（签名）： 



















目录 ..................................................................................................... 4 
Catalogue .............................................................................................. I 
摘要 ...................................................................................................... I 
Abstract ............................................................................................. III 
常用英文缩写 ...................................................................................... V 
第一章 前言 ....................................................................................... 1 
1 Hsp90 研究概况 .............................................................................................. 1 
1.1 热休克蛋白简介 ................................................................................... 1 
1.2 Hsp90 简介 ............................................................................................ 2 
1.3 Hsp90 的生理功能 ................................................................................ 3 
1.4 Hsp90 客户蛋白研究概况 .................................................................... 4 
2 Hsp90 与疾病的关系...................................................................................... 5 
2.1 Hsp90 与心血管疾病 ............................................................................ 5 
2.2 Hsp90 与肿瘤的关系 ............................................................................ 6 
2.3 Hsp90 与其他疾病的关系 .................................................................... 8 
3 Hsp90 抑制剂研究进展.................................................................................. 9 
3.1 靶向 ATP 结合位点的 Hsp90 抑制剂 ................................................. 9 
3.2 靶向 Hsp90 与辅分子伴侣相互作用的抑制剂 ................................. 13 
3.3 其他类型的 Hsp90 抑制剂 ................................................................. 13 
3.4 Hsp90 抑制剂研究的前景 .................................................................. 14 
3.5 Hsp90 抑制剂筛选方法 ...................................................................... 14 
4 蛋白质与小分子化合物相互作用研究的意义与方法 ............................... 15 
4.1 蛋白质与小分子化合物相互作用研究的意义 ................................. 15 
4.2 蛋白质与小分子化合物相互作用研究的方法 ................................. 15 













  目录 
 
 
5 课题的研究目的和意义 ............................................................................... 19 
第二章 材料与方法 .......................................................................... 21 
1 材料 ............................................................................................................... 21 
1.1 菌株与质粒 ......................................................................................... 21 
1.2 化合物 ................................................................................................. 21 
1.3 分子生物学与生化试剂 ..................................................................... 21 
1.4 常用培养基及缓冲液 ......................................................................... 22 
1.5 其他试剂及耗材 ................................................................................. 25 
1.6 主要仪器 ............................................................................................. 25 
2 方法 ............................................................................................................... 26 
2.1 技术路线 ............................................................................................. 26 
2.2 Hsp90 及其突变蛋白的表达 .............................................................. 26 
2.3 荧光光谱法筛选 Hsp90 潜在抑制剂 ................................................. 28 
2.4 Hsp90 ATPase 活性抑制剂筛选 ......................................................... 28 
2.5 小分子抑制剂的作用机制分析 ......................................................... 30 
2.6 小分子与 Hsp90 的相互作用研究 ..................................................... 32 
2.7 小分子与 Hsp90 结合区域的研究 ..................................................... 35 
2.8 分子对接预测小分子与 Hsp90 的结合模式 ..................................... 36 
2.9 小分子与 Hsp90 结合位点的研究 ..................................................... 40 
2.10 B3 对 N-Hsp90 和 C-Hsp90 ATPase 的影响 ..................................... 40 
第三章 结果与分析 .......................................................................... 42 
1 Hsp90 及其突变蛋白的表达纯化 ............................................................... 42 
1.1 Hsp90、Yeast Hsp90、N-Hsp90 以及 C-Hsp90 的表达与纯化 ...... 42 
1.2 Hsp90 突变体重组蛋白的表达与纯化 .............................................. 43 
2 荧光光谱法筛选 Hsp90 潜在抑制剂 .......................................................... 44 
3 Hsp90 ATPase 活性抑制剂筛选 .................................................................. 45 
3.1 无机磷含量测定的标准曲线的建立 ................................................. 45 
3.2 Hsp90 的 ATPase 活性分析 ............................................................... 46 













  目录 
 
 
3.4 DAM 和 B3 对 Hsp90 ATPase 抑制机理研究 ................................... 52 
4 B3 与 Hsp90 相互作用研究 ......................................................................... 59 
4.1 荧光滴定法分析 B3 与 Hsp90 的相互作用 ...................................... 59 
4.2 Fortebio 分析 B3 与 Hsp90 的结合作用 ........................................... 64 
5 B3 与 Hsp90 的结合位点的确定 ................................................................. 66 
5.1 B3 与 Hsp90 的结合区域 ................................................................... 66 
5.2 分子对接预测 B3 与 Hsp90 的结合模式 .......................................... 69 
5.3 B3 和 Hsp90 N-末端的结合位点 ....................................................... 73 
5.4 B3 对 N-Hsp90 和 C-Hsp90 ATPase 的影响 ..................................... 74 
第四章 讨论与结论 .......................................................................... 76 
1 讨论 ............................................................................................................... 76 
1.1 蛋白质的纯化 ..................................................................................... 76 
1.2 Hsp90 ATPase 抑制剂的筛选 ............................................................. 76 
1.3 B3 的抗肿瘤活性 ............................................................................... 76 
1.4 B3 与 GA 对 Hsp90 作用的区别 ....................................................... 77 
1.5 抑制剂与 Hsp90 结合位点的研究 ..................................................... 77 
2 结论 ............................................................................................................... 78 
3 展望 ............................................................................................................... 78 
参考文献 ........................................................................................... 80 
致谢 ................................................................................................... 86 



















Abstract in Chinese ............................................................................... I 
Abstract in English ............................................................................ III 
Abbreviations ...................................................................................... V 
Chapter 1 Introduction ......................................................................... 1 
1 Summary of the study on Hsp90................................................................... 1 
1.1 Introduction of Hsps .............................................................................. 1 
1.2 Introduction of Hsps .............................................................................. 2 
1.3 Physiological function of Hsp90 ........................................................... 3 
1.4 Summary of the study on Hsp90 clients ................................................ 4 
2 Relationship between Hsp90 and diseases ................................................... 5 
2.1 Hsp90 and cardiovascular disease ......................................................... 5 
2.2 Hsp90 and tumor ................................................................................... 6 
2.3 Relationship between Hsp90 and other diseases ................................... 8 
3 Study on Hsp90 inhibitors ............................................................................. 9 
3.1 Hsp90 inhibitors targeting the ATP binding site .................................... 9 
3.2 Hsp90 inhibitors targeting co-chaperone/Hsp90 interactions ............. 13 
3.3 Other kinds of Hsp90 inhibitors .......................................................... 13 
3.4 The prospect of research on Hsp90 inhibitors ..................................... 14 
3.5 Screening methods of Hsp90 inhibitors .............................................. 14 
4 Significance and methods of protein-drug interaction ............................. 15 
4.1 Significance of protein-drug interaction .............................................. 15 
4.2 Methods of protein-drug interaction study .......................................... 15 
4.3 Introduction of docking ....................................................................... 17 
5 Purpose and significance of this research .................................................. 19 
Chapter 2 Materials and Methods ...................................................... 21 

















1.1 Strains and plasmids ............................................................................ 21 
1.2 Compounds .......................................................................................... 21 
1.3 Reagents of molecular biology and biochemistry ............................... 21 
1.4 Preparation of commonly used buffers and media .............................. 22 
1.5 Other reagents and consumables ......................................................... 25 
1.6 Instruments .......................................................................................... 25 
2 Methods ......................................................................................................... 26 
2.1 Technical line....................................................................................... 26 
2.2 Expression and purification of Hsp90 and Hsp90 mutants ................. 26 
2.3 Screening of Hsp90 potential inhibitors by fluorescence spectra ....... 28 
2.4 Screening of Hsp90 ATPase inhibitors ................................................ 28 
2.5 Inhibition mechanism of small molecular inhibitors ........................... 30 
2.6 Binding between small molecular and Hsp90 ..................................... 32 
2.7 Determine of binding domain of small molecular ............................... 35 
2.8 Binding mode predicted by molecular docking .................................. 36 
2.9 Determine of binding sites of B3 ........................................................ 40 
2.10 Effect of B3 on N-Hsp90 and C-Hsp90 ATPase ................................. 40 
Chapter 3 Results and Analysis ........................................................... 42 
1 Expression and purification of Hsp90 and Hsp90 mutants ..................... 42 
1.1 Purification of Hsp90, Yeast Hsp90, N-Hsp90 and C-Hsp90 ............. 42 
1.2 Purification of Hsp90 mutants ............................................................. 43 
2 Screening of Hsp90 potential inhibitors by fluorescence spectra ............ 44 
3 Screening of Hsp90 ATPase inhibitors ....................................................... 45 
3.1 Determination of inorganic phosphorus content-standard curve......... 45 
3.2 Detection of Hsp90 ATPase activity .................................................... 46 
3.3 Screening of Hsp90 inhibitors ............................................................. 47 
3.4 Inhibition type of B3 and DAM to Hsp90 ........................................... 52 
4 Interaction between B3 and Hsp90 ............................................................ 59 

















4.2 Binding detection by Fortebio Octet ................................................... 64 
5 Determine of binding sites of B3 ................................................................. 66 
5.1 Determine of binding domain of B3 .................................................... 66 
5.2 Binding mode predicted by molecular docking .................................. 69 
5.3 Determine of binding sites of B3 ........................................................ 73 
5.4 Effect of B3 on N-Hsp90 and C-Hsp90 ATPase ................................. 74 
Chapter 4 Discussion and conclusions ................................................ 76 
1 Discussion...................................................................................................... 76 
1.1 Expression and purification of proteins ............................................... 76 
1.2 Screening Hsp90 inhibitors ................................................................. 76 
1.3 The antitumor activities of B3 ............................................................. 76 
1.4 The different of B3 and GA on their effect to Hsp90 .......................... 77 
1.5 Determination the binding sites of B3 ................................................. 77 
2 Conclusion .................................................................................................... 78 
3 Prospects ....................................................................................................... 78 
Reference ........................................................................................... 80 
Acknowledgement ............................................................................. 86 

























本论文以 Hsp90 为靶点，利用体外相互作用、分子对接和 Hsp90 的 ATPase
活性分析等方法，对来自海洋微生物和植物内生真菌等 306 个结构新颖、独特
的天然化合物进行筛选，从中发现了与 GA 结构完全不同，但对 Hsp90 的
ATPase 活性抑制作用与 GA 相当的新结构类型的抑制剂 B3，并初步确立了 B3
与 Hsp90 的结合方式及结合位点。 同时也对其它有潜力的化合物的结合机制
等进行了分析，取得了一些有意义的结果。 
通过体外相互作用分析从 306 个化合物中筛选到 26 个与 Hsp90 有较强相
互作用的化合物。 在此基础上，检测了 26 个化合物对 Hsp90 ATPase 活性的抑
制作用，结果发现有 10 个化合物对 Hsp90 的 ATPase 活性有较强的抑制作用，
其中 B3 对 Hsp90 ATPase 的 IC50 仅为 0.38 μmol/L，接近 GA 的 IC50 （0.29 
μmol/L）。酶动力学实验结果表明，B3 是 Hsp90 的非竞争型抑制剂。 
我们通过荧光滴定法和 Fortebio OctetRed 方法研究了 B3 与 Hsp90 全长及
其截短的 N-Hsp90、C-Hsp90 间的相互作用，以期确定其结合位点。结果表明
B3 与全长和 N-Hsp90、C-Hsp90 间存在着相互作用，但与 N-Hsp90 的结合强于
C-Hsp90。 
结合分子模拟结果， 通过构建 Hsp90 靠近 N 端的点突变蛋白质，考察 B3
与 Hsp90 点突变蛋白质间的相互作用，结果发现 Hsp90 N-末端的 K58，D93 和
T184 三个残基可能是 B3 与 Hsp90 N-末端的结合位点。 
此外，本论文也对具有较强抗肿瘤活性且对 Hsp90ATPase 活性具有一定抑
制作用的结构新颖的化合物 DAM 的抑制类型及作用机制进行了分析。初步确

















本论文筛选到结构新颖的 Hsp90 非竞争型抑制剂 B3，并且确定了其与






















The 90kDa heat shock protein (Hsp90) is the core component of an obligomeric 
chaperone machine. Interest in Hsp90 as a drug target flourished when it became 
apparent that many of Hsp90’s clientele are oncogenic proteins. For example, 
derivatives of Geldanamycin and other compounds that target the ATP-binding pocket 
in Hsp90s N-terminal domain have entered more than 20 clinical trials for the treatment 
of cancer, and demonstrated a good prospect. Hsp90 inhibitors have become an 
important source of anticancer drugs and its lead compound. 
In this study, we focus on the found and develop of new Hsp90 inhibitors in 306 
natural products of marine microbial and plant entophytic fungi by protein-drug 
interaction, molecular docking and ATPase activity analysis. And B3, a novel Hsp90 
inhibitor has similar effect with GA, was found. Then we initially analysis the affinity 
and binding sites of B3 and Hsp90. On the other hand, we research the binding 
mechanism of other Hsp90 potential inhibitors and got some meaningful results.  
Initially, 26 compounds had been found have strong interaction with Hsp90 
through fluorescence spectra from 306 compounds. Then, we determine whether those 
compounds can inhibit the ATPase activity of Hsp90. As a result, 10 of them can inhibit 
Hsp90 well, especially B3. The IC50 of B3 inhibit Hsp90 is 0.38 μmol/L, which is close 
to the IC50 of Geldanamycin (0.29 μmol/L). The results of Enzyme Kinetics confirmed 
that B3 inhibits Hsp90 ATPase activity in a noncompetitive mechanism.  
We also use fluorescence spectra and Fortebio OctetRed to detect the binding of 
B3 and N-Hsp90/C-Hsp90. The results shows that B3 has a strong affinity to both the 
two domains of Hsp90, and the affinity between B3 and N-Hsp90 is stronger than B3 
and C-Hsp90. 
 Combined with molecular docking results, we tried to determine the binding sites 
of B3 in Hsp90 N-terminal by detect the fluorescence spectra between seven mutants 
of Hsp90 and B3. The results indicated that the residues K58, D93 and T184 are among 

















A new Hsp90 noncompetitive inhibitor with novel structure, B3, was found in this 
paper. And we determine the sites of B3 binds to Hsp90. On the other hand, we research 
the inhibition type of several other Hsp90 inhibitors in different degree. The results of 
this study aim to lay the foundation for research and development as anticancer drugs. 
 
Key Words: 90kDa heat shock protein; Inhibition; B3       




















缩写 英文 中文 
HSPs Heat Shock Proteins 热休克蛋白家族 
Hsp90 Heat Shock Protein 90 热休克蛋白 90 
HSFs Heat shock transcription factors 热休克蛋白转录因子 
DP denatured proteins 变性蛋白 
GRP94 glucose-regulated protein 94 葡萄糖调节蛋白 94 
GA Geldanamycin 格尔德霉素 
RDC Radicicol 根赤壳霉素 
TRAP1 type 1 receptor associated protein Ⅰ型肿瘤坏死因子受体相关蛋白 
IKK 
Inhibitor of nuclear factor kappa B 
Kinase 
核因子 κB 抑制物激酶 
eNOS Endothelial nitric oxide synthase 内皮型一氧化氮合酶 
HER2 Human epidermal growth receptor-2 人表皮生长因子受体 2 
HIF-1α Hypoxia-inducible factor-1α 低氧诱导因子-1α 









NB Novobiocin 新生霉素 
HTS High-throughput screening 高通量筛选 
HDAC Histone deacetylase 组蛋白去乙酰化酶 
BLI Bio-layer Interferometry  生物薄膜干涉技术 
ESI Electrospray ionization 电喷雾离子源 


















IPTG Isopropyl-1-thio-D-galactopyranoside 异丙基-β-D-硫代半乳糖苷 
NTA Ni2+-nitrilo-triacetic acid agarose 镍腈三乙酸琼脂糖 
SDS-PAGE 
Sodium dodecyl sulfate polyacrylamide 
gel electrophoresis 
十二烷基硫酸钠聚丙烯酰胺电泳 
DMSO Dimethyl dulfoxide 二甲基亚砜 
PBS Phosphate-buffered saline buffer 磷酸缓冲液 






























降解或修复。Hsps 的表达是由热休克蛋白转录因子（heat shock transcription 
factors，HSFs）控制的。细胞在应激条件下，导致变性蛋白（denatured 
proteins，DP）的产生，变性蛋白刺激 HSP-HSF 复合体的分离，促使细胞产生











图 1-1 Hsps 的激活和其修复变性蛋白的机制 
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